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Abstract

The Taishan Antineutrino Observatory (TAQO) experiment features a top veto tracker system comprising 160 modules, each
constructed from plastic scintillator (PS) strips, embedded wavelength shifting fibers (WLS-fibers), and silicon photomultipli-
ers. This article reports on the performance of all produced modules, focusing on the production and readout/trigger design,
and providing insights into scintillation detectors based on WLS-fibers. Three types of trigger modes and their efficiencies
were defined to comprehensively evaluate the performance of this unique design, which was verified through batch produc-
tion, comprehensive measurement strategies, and quality inspection methods. In “module” mode, the detection (tagging)
efficiency of the PS exceeded 99.67% at a 30-photoelectron threshold, and even in “AND” mode, it surpassed 99.60% at a
15-photoelectron threshold. The muon tagging efficiency satisfies the requirements of TAO. The production and performance
of PS modules establish a benchmark for other experiments, with optimized optical fiber arrangements that enhance light
yield and muon detection efficiency.
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1 Introduction

For most neutrino or low-background detectors, particularly
those near the ground [1-8], a muon veto system is nec-
essary to tag muon-induced particles moving to the main
detector [9—13]. Cosmic-ray (CR) muons can induce neu-
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of anti-coincidence detectors in many experiments [18]
owing to its advantages of easy machining, flexible structure
design, stable performance, and good adaptability [19-30].
Taishan Antineutrino Observatory (TAO) [2, 31-34],
scheduled to begin operation in spring 2025, will indepen-
dently measure the antineutrino energy spectrum of the reac-
tor with an unprecedented energy resolution for the Jiang-
men Underground Neutrino Observatory (JUNO) [2, 35-38].
TAO will provide a unique reference for other experiments
and nuclear databases [39]. A top veto tracker (TVT) was
designed to serve as part of the muon veto system; the PS
module is the key element of the TVT. A detailed descrip-
tion of this TVT is provided in [40], where most aspects of
the system design and optimization process are covered. In
short, it is a design with an optimized wavelength shifting
fiber (WLS-fiber) arrangement (uniformly bent in the PS)
that can improve light yield and muon detection efficiency.
This paper describes this unique design and correspond-
ing performance. The PS module assembly and production
are introduced in Sect. 2. In Sect. 3, the testing system and
measurement results of one module are presented from three
main perspectives: light yield along the length of the PS
module measured using CR muons, effective attenuation
length, and coupling effect between WLS-fibers and silicon
photomultipliers (SiPMs). In Sect. 4, details of the module
performance are discussed. In Sect. 5, the detection effi-
ciency of the module is analyzed under various threshold
conditions. Finally, a summary is presented in Sect. 6.

2 Module production

The TVT is composed of 108 PS modules with dimensions
02000 mm(Length) X 200 mm(Width) X 20 mm(Thickness)
(2000-mm PS) and 52 PS modules with dimensions of
1500 mm X 200 mm X 20 mm (1500-mm PS). The simula-
tion optimization, prototype testing, and design of the PS
strips for JUNO-TAO were reported in Ref. [40-42]. They
are illustrated in Fig. 1. Both 2000-mm and 1500-mm PS
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modules with eight 1.5 mm WLS-fibers along their width
direction (approximately 22.5 mm spacing between neigh-
boring fibers) were laid and glued into the grooves on one
surface of the PS modules. The eight fibers were merged
into four groups at each end and coupled to SiPMs.

Both the 2000-mm and 1500-mm modules were fabri-
cated by Beijing Hoton Nuclear Technology Co., Ltd.. The
PS modules were made using an extruded plastic scintilla-
tor (SP101) polymerized with liquid polystyrene contain-
ing P-triphenyl and POPOP. The WLS-fiber BCF92 [43,
44] with a diameter of 1.5 mm with a flat end surface was
used. The two fibers were focused into a single group that
can be coupled to the optical sensors. To ensure a precise
arrangement of WLS-fibers in the design, two methods
were used: slotting and drilling. First, a slot was made
in the middle of the plastic scintillator (4 mm deep), and
holes were accurately drilled at both ends of the PS. The
grooves were then polished and cleaned. Finally, the WLS-
fibers were placed at the bottom of the slot and secured,
after which the slot was filled with optical silicone grease
(SL600).

Figure 2a shows the physical image of a 2000-mm
PS module with inserted 1.5 mm WLS-fibers. All sur-
faces were polished. Each fiber can be clearly seen in
the arrangement of the PS. The PS is first wrapped with
0.08 mm aluminum foil, which serves as a reflective film,
then with another 0.8 mm PVC layer, which provides insu-
lation and protection, and finally packaged with a black
adhesive tape layer that blocks light. Figure 2b shows the
image of a finished 2000-mm PS module.

As shown in Fig. 3a, the brightness of the optical fiber
and PS can still be distinguished even without shading
treatment. SiPM windows with dimensions 4 mm X 4 mm
were cut on the backend of the covered PS. Figure 3b
shows the image of one end of the PS module. Eight
bright spots in four groups can be clearly seen in the
4 mm X 4 mm optical windows; they are the positions of
the WLS-fibers.
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Fig. 1 (Color online) Left panel: design drawing of PS strips with dimensions of 2000 mm X 200 mm X 20 mm; right panel: PS strips with

dimensions of 1500 mm X 200 mm X 20 mm
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Fig.2 (Color online) a 2000-mm PS module with inserted 1.5 mm
WLS-fibers; b 2000-mm PS module with aluminum-film and protec-
tive-layer packaging on the periphery

(b)

Fig.3 (Color online) a 2000-mm PS module backend with inserted
1.5 mm WLS-fiber; b 2000-mm PS module backend with aluminum-
film and protective-layer packaging on the periphery

Four SiPMs of the J-series MicroJ-40035-TSV with an
integrated readout were used as photon sensors at each end
of the PS module [45—48]. Figure 4a shows the layout of four
SiPMs on a PCB and the circuit of the output signal chan-
nels. These SiPMs (SiPM1, SiPM2, SiPM3, and SiPM4)
are coupled to the optical windows. The designed PCB can
read out each individual SiPM signal and also sum the sig-
nals from all four SiPMs. According to previous simulation
results reported in Ref. [40], the differences among the four
SiPMs on one end are very small. The design for reading out
each SiPM signal enables precise measurement and verifi-
cation of the differences among the four SiPM signals. The
design of the four SiPM summing channels aims to reduce
the number of readout channels, with the final PCB design
featuring only a single summing channel output. Presently,
this type of PCB is primarily designed for module quality
inspection and performance testing. The current version of
the PCB was fabricated by Dualrainbow Technology Co.,
Ltd. [49]. Figure 4b shows a picture of the backend of a PS
module during mass testing, once the PCB was mounted.
The aluminum fixtures were used to mount the PCB onto
the PS. After installing the fixtures, they were jointly pack-
aged and coated with black epoxy for light-tight treatment.

(b)

Fig.4 (Color online) a Layout of four SiPMs on the PCB board and
structure diagram of the electronic board for signal readout; b physi-
cal image after connecting the backend to electronics
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Coaxial cables with SMA connectors were employed for the
output signal line.

3 Testing system and measurements

Figure 5 presents a flowchart illustrating the data flow
employed to measure the performance of each PS strip at
nine locations using muons. The CR muon monitor system
consists of two plastic scintillators (EJ200 [50]) with dimen-
sions of 6cm X 6cm X 18 cm and a two-inch photomulti-
plier tube (PMTs) [51, 52] (XP3232). The coincidence of the
two monitors is used as a trigger to identify a muon passing
through the 2000-mm PS module and to characterize the
performance of the strip. The vertical distance between the
two monitors is 24 cm to tag muons passing through the
2000-mm PS strip. In Fig. 5, the two CR monitors are placed
at the center of the PS module. A high-resolution oscillo-
scope (lecroy-HDO4104A) was used to acquire four signal
channels: two from the CR monitors and two from the sum-
mation channel or single channels of the SiPMs attached to
the two ends of the PS strip. In addition, another fast, high-
resolution time and amplitude digitizer (MDPP-32-QDC)
with reduced dead time was used in parallel for comparison.
Internally, it functions as a 32-channel adjustable low-noise
amplifier with a variable differentiation stage, followed by
bandpass filters and 80 MHz sampling ADCs. The digitizer
can handle approximately eight times more channels than the
aforementioned oscilloscope. We performed eight PS strip
measurements in parallel and simultaneously measured the
single and summed channels.

In the test conducted, we warmed the PMTs of the CR
monitors and set their operating voltages to —1020 V.
According to a pre-test and calibration, the threshold for
both PMTs of the CR monitors was set to =14 mV for muon
identification.

Fig.5 (Color online)Flowchart
representing the data flow (AN |
employed to measure the perfor- ] : ;
mance of each PS strip at nine
locations using muons

Figure 6a shows the distribution of the amplitude of the
signal from two adjacent SiPMs on the same PCB at one end
of the PS. The blue and red dots represent experimental data
for SiPM1 and SiPM2, respectively. Except for a few data
points that do not overlap, the two spectra mostly overlap
in other areas, and the spectrum is fitted by a joint func-
tion of exponential and Landau distributions for gamma rays
and muons. For SiPM1, the most probable value (MPV) of
the signal amplitude for muons is 119.5 mV. For SiPM2,
the MPV of the signal amplitude for muons is 122.1 mV.
The difference between SiPM1 and SiPM2 is less than 3
mV, which is consistent with a previously reported simula-
tion [40], where the signals from different WLS-fibers were
relatively equal at the 5% level. This also indicates that the
proposed layout of WLS-fibers is effective and relatively
uniform.

Figure 6b shows the distribution of the amplitude of the
signal from the summation channel at both ends of the same
PS when the CR monitors are located at its center. The blue
and red dots represent experimental data from one end and
the opposed end, respectively. It is clear that these two spec-
tra mostly overlap. At one end, the MPV of the fitted Lan-
dau distribution is 465.6 mV, whereas at the other end, the
MPYV of the fitted Landau distribution is 467.8 mV, which
is approximately four times that of an individual SiPM chan-
nel, as shown in Fig. 6a.

To characterize the signal strength when the muon passes
through the PS strips, the MPV fitted by the Landau distri-
bution can be used to estimate the light yield of the strip
after conversion into p.e. units, which was measured and
calculated at nine different locations along the longitudinal
direction of the PS module. Figure 6¢ shows measurements;
the x-axis represents the position of the CR monitor in the
longitudinal direction of the PS strip; the error bar in the
x-axis represents the 6 cm size width of the CR monitor. The
y-axis represents the measured light yield in p.e. units, which

Coincidence trigger

Oscilloscope
or

MDPP-32-QDC
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was calculated by scaling the relationship between the MPV
and signal amplitude of a single photoelectron with a pre-
calibrated factor (10 mV per p.e. unit, claimed efficiency of
38% under a bias voltage of 28 V (overvoltage of 3.5 V), and
crosstalk ratio of 11.6%). The black, red, and green lines rep-
resent the light yields of the four SiPM summation channels
at one end, other end, and sum of both ends, respectively.
When the CR monitor was located within the range of —80
to 80 cm from the PS strip, the minimum light yield was still
higher than 35 p.e. for a single end, and the maximum light
yield reached almost 80 p.e. at a single end.

For further validation, we also compared the results from
the two data acquisition systems (oscilloscope and MDPP-
32-QDC). By placing the CR monitors at the center of the
PS strip, we measured seven PS strips using both systems,
and the MPV of each PS strip was fitted. In Fig. 6d, the
x-axis represents the MPV from the oscilloscope (in p.e.),
whereas the y-axis is the MPV from MDPP-32-QDC (in
ADC). The seven blue inverted-triangle points represent
the MPVs of the seven PS strips fitted by a linear function.
The red line represents the fitted results. It is approximately
11.3 ADC/p.e., representing the average ADC count value
corresponding to each photoelectron. Additionally, we sam-
pled and measured the outermost position by placing the
CR monitor near =97 cm from the center of the PS strip.
Figure 6e shows the signal spectrum of one end of the PS
that is far away from the CR monitor. The MPV of the fit-
ted Landau distribution was 34.31 p.e.. Figure 6f shows the
signal spectrum of the other end of the PS close to the CR
monitor. The MPV of the fitted Landau distribution was
80.07 p.e.. Similarly, by comparing Fig. 6e and f, it can be
concluded that the larger the MPV is, the greater the Landau
width becomes. The width of the far-end fitting was reduced
by approximately a factor of three compared to the near-end
fitting width.

As shown by the green line in Fig. 6¢, the summed sig-
nal strength is lowest, approximately 95 p.e., when the CR
monitors were positioned at the center of the PS strip. As
the CR monitors were moved closer to the ends of the strip,
the total light yield increased. When the CR monitors were
positioned beyond —80 cm or 80 cm from the center of the
PS strip, the summed signal intensity reached approximately
115 p.e.. To characterize the light attenuation generated by
muons in the PS module, we can use the expression

_L
Y =Yye b ey

to fit the points in Fig. 6¢, where L is the effective attenua-
tion length of the PS module and Y} is the initial light yield.
Y and L are the light yield and position of the corresponding
CR monitor, respectively, in Fig. 6c¢.

In Fig. 7, by fitting the logarithm of the light yield against
the distance from the SiPM [53-55], we determined an

@ Springer

effective attenuation length of 241 + 6.97 cm, which meets
our design requirement (greater than 200 cm). According
to simulations and experiments, the intrinsic attenuation
length of PS is approximately 2 m at a photon wavelength
of 410 nm, while the intrinsic attenuation length of WLS-
fibers is approximately 3.8 m at the same wavelength. The
fact that the effective attenuation length exceeds the intrinsic
attenuation length of the PS suggests that the optimized fiber
insertion arrangement is effective. It is worth noting that the
diameter of the WLS-fibers is notably small (1.5 mm) com-
pared to that of the PS, accounting for less than 5% of the
total volume. As a result, most photons are still attenuated
within the PS. Therefore, the effective attenuation length
is primarily influenced by the intrinsic attenuation length
of the PS.

4 Module performance

Four batches of acceptance and performance tests were con-
ducted following production. Figure 8 shows the MPV of
the single end for all the PS strips when the CR monitors
were located at the center of the PS module. It can be seen
in Fig. 8 that the lowest light yield from the single end of the
108 strips of 2000-mm PS modules (blue line) is approxi-
mately 40.8 p.e.. The mode was measured to be 46 p.e..
Note also from the red line for the 52 strips of 1500-mm
PS modules that the lowest light yield of the single end is
approximately 51.5 p.e. and the mode is concentrated at
55 p.e..
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Fig. 7 Fitting results
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Fig.8 MPVs of 108 2000-mm and 52 1500-mm PS modules

In addition, we used EJ-550 [56] silicone optical grease
for coupling between SiPMs and WLS-fibers rather than
coupling with air only during the test. Subsequent meas-
urements were conducted to demonstrate that the coupling
between SiPMs and WLS-fibers by optical grease can
increase the measured light yield by at least 5 p.e. at one
end (approximately 12.5% in light yield for 2000-mm PS
modules). This indicates that the light yield of the proposed
officially operated PS module is even higher.

5 Detection efficiency

Muons passing through the two CR monitors simultane-
ously may have passed through the PS module, according
to the established setup. Furthermore, the sample purity of
the muon candidates in the CR monitors can be tuned by
adjusting the threshold of the CR monitor. Figure 9 shows
a 2-D plot of the signal amplitude of two CR monitors
when they were placed at the center of the PS module.
Note that there are several clusters, such as the clusters
around 300 ADC and 3100 ADC. It is known that the
cluster around 300 ADC is mainly caused by the threshold
effect and environmental background, whereas the clus-
ter around 3100 ADC is mostly caused by our target CR
muon. The shaded areas represent the energy spectra for
all the values in Fig. 10. The events in the upper-right
region of Fig. 9, above 2940 (x) and 2940 (y) ADC of
the CR monitors, are considered pure muon events. These

events are represented by N,.

000 — 10°

_LADCA.I
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L 10?

10

TR T T T

1 bn L1l ‘ I ‘ \.\ 11 ‘ I ‘ 11 \.\ r\ 117 L1l \.‘ I ‘ I
00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 1
Lower CR monitor [ADC]

Fig.9 (Color online) Two-dimensional scatter diagrams of energy
spectrum from two CR monitors

With further muon selection of the two CR monitors
(above 2940 (x) and 2940 (y) ADC of the CR monitors),
we can obtain the signal strength of the SiPM output
mostly from the muons from both ends of the PS strip.
The blue plot in Fig. 10a shows the charge spectrum of
the summation channel for the four SiPMs at one end of
the 1500-mm PS module. The blue plot in Fig. 10b is the
summation channel of the other end. Figure 10c shows the
total sum in p.e. for both ends from all eight SiPMs.

We evaluated three different thresholds (15, 20, and
25 p.e.) for one end and the other end of the PS module
(represented by different colors in Fig. 10a and b, respec-
tively) to select detected muon events. Here, N[one],,
and NJother],, represent the number of detected muons
by one end and the other end, respectively. Additionally,
we assessed the coincidence efficiency of different thresh-
olds applied to both ends of the PS module, as well as the
efficiency of combined thresholds considering the suppres-
sion of background events. An “AND” logic was applied to
the two ends of the PS module for coincidence checking,
requiring both ends to exceed the threshold simultaneously
within a 100 ns time window. The number of such events
is represented by N[oneANDother],,. Three thresholds
(30, 40, and 50 p.e.) for the sum of both ends were evalu-
ated (represented by the three different colors in Fig. 10c).
The number of these events is denoted as N[module],,,.
Using this strategy, we calculated the efficiency for dif-
ferent thresholds and configurations using the following
four equations:
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Fig. 10 (Color online) a Charge spectrum of the summation channel
at one end. b Charge spectrum of the summation channel at the other
end. ¢ Summation of the two ends
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Fig. 11 Charge spectrum of the summation channel at one end when
using an “AND” logic of the two ends of the PS module
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Table 1 shows the results of calculated detection efficiency
for different thresholds on SiPM signals and configurations.
Based on the overall perspective presented in Table 1, it
can be concluded that as the threshold of the SiPM signal
increases, the detection efficiency gradually decreases, as

Table 1 Calculated efficiency for each single end, sum of both ends
of the entire module, and “AND” logic of the two ends, each evalu-
ated at different thresholds

Threshold [p.e.] 15 p.e. 20 p.e. 25 p.e.
€one (%) 99.72 + 0.03 99.69 + 0.03 99.53 +0.03
€other (%) 99.70 + 0.03 99.62 +0.03 99.46 +0.03
€oneANDother (%) 99.63 + 0.03 99.48 +0.03 99.01 +0.04
Threshold [p.e.] 30 p.e. 40 p.e. 50 p.e.
€module (%) 99.70 + 0.03 99.69 +0.03 99.62 +0.03
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Table 2 Rate vs. threshold of the PS module with sum of both ends,
and coincidence of both ends using “AND” logic

Threshold [p.e.] 30 p.e. 40 p.e. 50 p.e.
Rate 4, (Hz) 93 +£9.7 83+09.1 70+ 8.3
Threshold [p.e.] 15 pe. 20 p.e. 25 p.e.
Rate e snDother (HZ) 73 +8.5 63+79 48+6.9
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Fig. 12 (Color online) 2-D plot of the two ends when the CR moni-
tors were located 60 cm away from the center of the PS module

expected. It can also be concluded that €, s Nporher dECTEases
the fastest as the threshold increases. Figure 11 shows the
energy spectrum under “AND” logic mode. Note that in
this mode, there is a significant decrease in the coincidence
background.

Table 2 shows the rate vs. threshold for the sum of both
ends of the PS module as well as the coincidence of the two
ends when the PS module was located in a ground-level
laboratory without a CR monitor. From Table 2, it can also
be observed that under this “AND” logic mode, background
events that coincidentally match are significantly reduced.
Additionally, the data show that the rate (63 Hz) correspond-
ing to a threshold of 20 p.e. closely approximates the muon
rate (64 Hz) at sea level.

The CR monitors were placed at other positions of the
PS modules to assess their efficiency. When the CR moni-
tors were turned off at the center of the PS module, the
signal strengths obtained at the two ends of the PS module
were different. Figure 12 shows a 2-D plot for the two ends
of the PS module when the muons hit around 60 cm away
from the center of the PS module. Noise or environmental
background can be clearly identified from the muon signal.
However, the signal at one end was significantly larger
than that at the other, which could generate a difference

in the efficiency of the two ends at the same threshold on
SiPM signals. The muon signal exhibits elliptical charac-
teristics on the 2-D plot owing to the asymmetric distance
of the CR monitor from the center of the PS strip. Combin-
ing Figs. 6e and f, as well as the 2-D graph in Fig. 12, it
can be concluded that the smaller the MPV of the Landau
distribution is, the smaller the width of its Landau distri-
bution becomes. When the threshold is excessively high,
even when approaching the MPV of one end, €,,.anpother 15
determined by the far end (i.e., the end with the smallest
signal). According to the measurement results of the CR
monitor at the outermost edge of the PS strip, when the
threshold was 15 or 20 p.e., €, ANDother TEMained unaf-
fected, being approximately equivalent to the efficiency at
the center. When the threshold was greater than 22 p.e.,
€oneANDother At the edge was approximately 0.3% lower than
that at the center. In combination with the data shown in
Table 2, this demonstrates that the system exhibits excel-
lent tolerance to the threshold for achieving muon tagging
efficiency. Considering the potential efficiency and back-
ground under different thresholds, we ultimately decided
to use €oqule 3N EgpeanDother 1O Characterize the overall
detection efficiency of the PS module.

Figure 13a shows the relationship between detection
efficiency of the sum of the two ends and muon position
(i.e., position of the CR monitors). The position measure-
ments were performed by moving the monitors along the
length in 20 cm steps for the 2000-mm PS module (rep-
resented by dotted lines in the figure) or in 15 cm steps
for the 1500 mm PS module (represented by solid lines
in the figure). The error bar on the x-axis represents the
6 cm width of the CR monitor, whereas the y-coordinate
represents the detection efficiency of the PS module when
the threshold of the sum of the two ends was set to 30 or
50 p.e.; the error bar on the y-axis represents the efficiency
error. As the threshold increases, the detection efficiency
corresponding to all positions of the PS module decreases.
For the 1500-mm PS module, when the threshold was
set to 30 p.e., the detection efficiency of each point was
higher than 99.7%. For the 2000-mm PS module, when
the threshold was set to 50 p.e., the detection efficiency of
each point was higher than 99.6%. Overall, the detection
efficiency of the 1500-mm PS module was higher than
that of the 2000-mm PS module. Figure 13b shows the
relationship between detection efficiency of “AND” logic
of the two ends and muon position. In this mode, the effi-
ciency of the 1500-mm PS module is slightly better than
that of 2000-mm PS module. For all PS modules, when
the threshold was set to 20 p.e., the detection efficiency
at each point exceeded 99.3%. The efficiency remained
nearly constant along the entire module, with variations
at the 0.1% level.
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Fig. 13 a Efficiency at different sum thresholds for the 1500-mm and
2000-mm PS modules. b Efficiency at different “AND” logic thresh-
olds for the 1500-mm and 2000-mm PS modules

6 Conclusion

In this paper, we provide a detailed introduction to the
unique design and performance of the module, which offers
significant value for the design process of PS detectors
with WLS-fibers. Additionally, we propose a batch qual-
ity inspection process and establish a set of standards for
evaluating the performance of PS modules, providing val-
uable experience and references for quality inspection in
other related experiments. A specific summary is as follows.
The further the muon strikes toward the two ends of the PS
strip, the higher the total light yield, though with greater

@ Springer

asymmetry. When the muon hits the center of the PS strip
(the region with the minimum effective light yield along the
strip, where air coupling occurs between the SiPM and PS),
the most probable signal strength output from one end of a
2000-mm PS module is at least greater than 40.8 p.e.. For
a 1500-mm PS module, this value is at least greater than
51.5 p.e.. All modules meet the JUNO-TAO requirement
that the light yield to a muon should exceed 40 p.e.. Using
optical grease to couple the SiPM and WLS fiber increases
the effective light yield by 12.5%.

Muon detection efficiency was evaluated at different
thresholds on the output from a single end, the sum, or the
coincidence of both ends of the module. We defined three
types of detection efficiency to comprehensively assess the
performance of the plastic scintillator. Overall, the 1500-mm
PS module has a higher detection efficiency than the 2000-
mm PS module. In “AND” mode, when the threshold was
set at 20 photoelectrons, the detection efficiency exceeded
99.3%, and at 15 photoelectrons, it surpassed 99.6%, with
clear differentiation between background and muon signals.
These features and advantages ensure that the proposed PS
performs exceptionally well in experiments, providing a reli-
able detection solution for other applications.
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